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ABSTRACT 


An  experimental  investigation  was  undertaken  to  study  the  mixing  process  in  a  coaxial 
jet  where  the  inner  nozzle  is  a  lobed  mixer.  Seven  different  inner  jet  nozzle  geometries  were 
explored:  a  baseline  circular  jet,  three  different  six-lobed  nozzles,  and  three  different  four-lobed 
nozzles.  Also,  three  different  velocity  ratios  of  3:1,  1:1  and  1:3  (inner:outer)  were  examined. 
Flow  visualizations  using  a  passive  scalar  (tobacco  smoke)  were  performed  using  a  laser  sheet 
from  a  Nd:YAG  laser  as  Ae  light  source.  The  laser  has  a  9  nsec  pulse  duration  which 
effectively  freezes  the  flow.  Instantaneous  cross  sectional  images  were  taken  at  various  distances 
downstream  as  well  as  streamwise  views.  Quantitative  information  on  the  mixing  was  obtained 
by  processing  sets  of  images.  The  effects  of  various  parameters  such  as  the  interfacial  area 
increase  due  to  the  lobed  nozzle  geometry,  the  strength  of  streamwise  vortices,  and  the  large 
scale  structures  on  the  muting  process  are  evaluated  and  discussed.  The  results  showed  highly 
enhanced  mixing  as  the  strength  of  the  streamwise  vortices  increased.  The  results  also  indicated 
that  the  presence  of  large  scale  structures  due  to  the  Kelvin-Helmholtz  instabilities  and  their 
interaction  with  streamwise  vortices  generated  by  the  lobes  are  crucial  for  enhanced  mixing.  The 
fraction  of  mixing  enhancement  due  to  streamwise  vorticity  (relative  to  mixing  enhancement  due 
to  increased  interfacial  contact  area)  was  found  to  increase  as  velocity  ratio  increased.  In 
addition,  this  fraction  increased  with  downstream  distance. 


11 


PERSONNEL 


Two  graduate  students,  Vincent  M.  Belovich  and  Mark  F.  Reeder,  worked  on  the  project. 
Vincent  Belovich  was  supported  by  the  Air  Force  Palace  Knight  Program.  The  project  was  a 
major  part  of  his  Ph.D.  dissertation  research.  Mark  Reeder,  who  helped  Vincent  Belovich 
occasionally  on  this  project,  was  a  fellow  of  the  NASA  Graduate  Student  Researchers  Program. 


111 


PUBLICATIONS 


1.  Journal  Articles 

Belovich,  V.  M.,  Samimy  M.,  and  Reeder,  M.F.,  "Dual  Stream  Axisymmetric  Mixing  in 
Presence  of  Axial  Vorticity,"  submitted  to  Journal  of  Propulsion  and  Power,  August,  1994. 

2.  Conference  Papers 

Belovich,  V.  M.,  Samimy  M.,  and  Reeder,  M.F.,  "Dual  Stream  Axisymmetric  Mixing  in 
Presence  of  Axial  Vorticity,"  AIAA-94-3084,  June,  1994. 


IV 


PRESENTATIONS 


1.  "Dual  Stream  Axisymmetric  Mixing  in  Presence  of  Axial  Vorticity,"  AFOSR  Propulsion 
Contractors  Meeting,  Atlantic  City,  New  Jersey,  June,  1993. 

2.  "Dual  Stream  Axisymmetric  Mixing  in  Presence  of  Axial  Vorticity,"  30th  Joint 
Propulsion  Meeting,  Indiam^lis,  June,  1994. 


V 


INTERACTION  RELATED  TO  THE  RESEARCH 


The  project  started  as  a  joint  effort  between  the  Fuels  and  Lubrication  Branch  of  Wright 
Laboratories  under  Dr.  M.  L.  Roquemore  and  the  Department  of  Mechanical  Engineering  at  The 
(Mik)  State  University  under  Professor  M.  Samimy.  Initially,  Dr.  G.  J.  Sturgess  of  Pratt  and 
Whitney  provided  guidance  from  an  industrial  perspective.  The  original  idea  was  to  design  a 
bench-top  type  experimental  facility  that  could  be  u^  for  cold  flow  experiments  at  The  Ohio 
State  University  and  combustion  experiments  at  Wright  Laboratories.  Unfortunately,  after  about 
a  year  into  the  project,  designing  such  a  test  rig  was  proved  to  be  not  feasible.  TTierefore,  the 
test  rig  was  designed  to  only  conduct  cold  flow  experiments  at  The  Ohio  State  University. 
However,  interactions  between  two  laboratories  are  on  going. 


\ 


VI 


INVENTIONS 


There  was  no  invention  on  this  project. 


vii 


L  INTRODUCTION  AND  BACKGROUND 


Mixing  is  an  important  phenomenon  in  combustion  processes  from  low-speed  systems 
such  as  coal-frred  boilers,  oil  and  gas  fned  frimaces,  and  gas  turbine  engines,  to  high  speed 
systems  such  as  scramjets  and  flows  through  the  exhaust  nozzles  of  supersonic  aircraft.  A 
critical  technical  problem  to  be  solved  in  many  of  these  applications  is  the  mixing  between  two 
gaseous  streams.  How  quickly  and  how  well  a  fuel  and  oxidant  can  be  mixed  will  have  a  major 
influence  on  the  combustion  efficiency,  heat  release  rate,  pollutant  formation,  combustor  size, 
and  many  other  critical  parameters.  Vorticity  dynamics  greatly  impact  the  mbiing  process.  The 
streamwise  vortices  generated  in  a  flow,  in  addition  to  the  spanwise  (in  planar  shear  layers)  or 
ring  type  (in  axisymmetric  shear  layers)  vortex  roll  up  process  have  been  found  to  mix  fluid 
streams  quickly  and  efficiently.  Generating  these  vortical  structures  using  a  lobed  mixer  and 
investigating  the  nature  of  these  structures  and  their  mbcing  enhancement  c^abilities  are  the 
subject  of  the  present  study. 

The  lobed  mixer  produces  streamwise  vortices  (e.g.,  Paterson,^-^  Povinelli  et  al.^)  on  the 
order  of  the  nozzle  dimensions.  These  relatively  large  scale  streamwise  vortices  aid  the  mixing 
process  by  entraining  additional  fluid  from  the  secondary  stream  into  the  mixing  layer,  and 
conversely,  sweeping  the  primary  flow  into  the  secondary  stream. 

Most  of  the  early  studies  of  lobed  mixers  (Frost, ^  Anderson  et  al.,*  Birch  et  al.,® 
Blackmore  and  Thompson,’  Crouch  et  al.,*  Head  et  al.,®  Kozlowski  and  Kraft,‘°  Kuchar  and 
Chamberlain,”  Shumpert,”  Packman  et  al.,*^  Povinelli  et  al.,-^  Povinelli  and  Anderson”)  were 
greatly  influenced  by  the  gas  turbine  industry,  as  many  of  the  test  configurations  were  scale 
models  of  turbo-fan  engine  exhaust  sections.  The  geometry  consisted  of  a  central  solid  body 
around  which  flowed  the  hot  core  fluid  with  the  bypass  air  surrounding  the  core.  The  lobed 
mixer  was  an  axisymmetric  shape  separating  the  two  fluid  streams.  Among  the  significant 
findings  of  these  studies  was  that  lob^  mixers  generate  streamwise  vorticity  more  efficiently 
(i.e.,  with  less  pressure  drop)  than  the  conventional  methods,  and  thus  provide  an  engine 
performance  improvement.  Another  important  benefit  of  lobed  maers  is  that  their  improved 
entrainment  reduces  the  velocity  of  the  high  speed  exhaust  gases,  thereby  reducing  noise.  Other 
findings  include:  scalloping  the  lobes  aids  in  mixing,  and  lobe  penetration  in  the  fluid  streams 
has  the  most  significant  effect  on  mixing  effectiveness,  as  long  as  the  flow  does  not  separate. 
Separation  increases  the  pressure  losses  and  decreases  mixing  effectiveness. 

Paterson*  ’  studied  subsonic  flow  issuing  from  a  lobed  nozzle  for  both  cold  and  heated 
flows.  Detailed  pressure  and  temperature  data  were  taken,  as  well  as  three  dimensional  laser 
Dqppler  velocimetry  (LDV)  measurements.  Paterson  found  that  large  scale  secondary  flows, 
set  up  by  the  nozzle,  produced  streamwise  vortices  of  low  intensity  with  a  length  scale  on  the 
order  of  the  nozzle  radius.  Also,  a  horseshoe  vortex  on  the  order  of  the  lobe  half  width  was 
found  to  exist  in  the  lobe  troughs.  The  contribution  to  the  overall  mixing  process  of  each  was 
not  clear,  but  the  secondary  flow  vortices  were  expected  to  be  dominant  because  of  their  much 
greater  size.  The  lobed  mixer  was  found  to  rapidly  mix  flows  at  large  scale. 
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Much  of  the  later  work  on  lobed  mixers  concentrated  on  understanding  the  underlying 
physics  of  the  lobed  mixing  process  by  using  a  two  dimensional  lobed  muter,  which  is  essentially 
a  corrugated  plate.  Werle  et  al.,‘*  found  that  the  vortex  formation  process  was  an  inviscid  one. 
Also,  the  mixing  process  was  proposed  to  take  place  in  three  basic  steps:  the  vortices  form, 
intensify,  and  then  rapidly  break  down  into  small  scale  turbulence.  In  effect,  the  lobed  mbcer 
was  thought  to  act  as  a  ’fluid  stirrer’  initially  to  mix  the  flow,  until  the  r^id  breakdown  of  the 
vonices  produces  small  scale,  and  possibly,  molecular  mixing. 

Other  studies  during  the  last  ten  years  or  so  tested  the  performance  of  a  lobed  mixer  in 
implications  such  as  in  ejectors  (Presz  et  al.,‘®  Skebe  et  al.,*’  Malecki  et  al.‘*)  in  supersonic  flow 
(Tillman  et  al.,*’  Malecki  et  al.,**)  and  in  combustion  (McVey,"  McVey  and  Kennedy^O. 

Eckerle  et  al.,“  used  two  component  LDV  to  study  mixing  downstream  of  a  lobed  muter 
at  two  velocity  ratios.  They  determined  that  the  breakdown  of  the  large  scale  vortices  and  the 
accompanying  increase  in  turbulent  mixing,  are  important  parts  of  the  mixing  process.  It  was 
also  shown  that  this  vortex  breakdown  occurs  further  upstream  for  a  velocity  ratio  of  2: 1  than 
for  1:1. 

Barber  et  al.,“  studied  three  different  two  dimensional  lobed  mixers  both  analytically  and 
experimentally.  Performing  a  one  dimensional  inviscid  analysis  to  predict  lobe  circulation  and 
geometrical  scaling  relations  produced  results  in  reasonable  agreement  with  their  data,  further 
emphasizing  the  inviscid  nature  of  the  overall  large  scale  mixing  process.  Circulation  was  found 
to  scale  well  according  to  the  following  relation. 


r  “  «) 

where  C  is  a  constant,  U„f  is  the  mean  freestream  velocity,  h  is  the  lobe  height  and  L  is  the 
length  of  the  lobe.  For  a  straight  contour  (in  the  axial  direction)  lobe,  the  ramp  angle  can  be 
found  by 

a  =  tan'*(^)  (2) 

Thus,  circulation  is  essentially  proportional  to  ramp  angle.  One  of  the  conclusions  of  the  study 
was  that  lobed  mixers  with  parallel  side  walls  produce  higher  streamwise  circulation  than  lobes 
with  sinusoidal  or  triangular  shapes.  The  close  proximity  of  the  walls  in  the  lobe  peak  region 
for'the  latter  shapes  creates  thicker  boundary  layers  that  reduce  the  effective  lobe  height,  and 
therefore  reduce  circulation.  The  lobes  for  the  nozzles  of  the  present  study  have  a  radial 
geometry.  That  is,  the  sides  of  the  lobes  are  directed  along  radii,  and  thus  the  lobe  width 
increases  away  from  the  axis  centerline. 
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Mixing  downstream  of  a  lobed  mixer  is  controlled  by  three  primary  elements.  The  first 
element  is  the  increased  interfacial  area  between  the  two  fluid  streams  because  of  the  convoluted 
trailing  edge  of  the  nozzle.  The  second  is  the  streamwise  vorticity  generated  due  to  the  alternate 
inwardly  and  outwardly  angled  flow  paths  of  the  air  through  the  nozzle.  The  third  is  the  Brown- 
Roshko  type  structures  which  are  generated  in  any  free  shear  layer  with  velocity  gradients  across 
the  layer,  due  to  the  Kelvin-Helmholtz  instabilities.  Manning^  attempted  to  separate  the  effects 
of  these  three  mechanisms  in  two  dimensional  water  tunnel  experiments.  He  studied  a  flat  plate, 
for  use  as  a  baseline  case,  and  two  different  lobed  mixers— one  of  which  had  a  convoluted,  yet 
straight  (i.e.,  no  ramp  angle)  extension  section  to  damp  the  streamwise  vorticity.  It  was  shown 
that  the  mixing  performance  of  the  lobed  mixer  exceeds  the  performance  of  the  convoluted  plate 
by  an  amount  that  increases  with  velocity  ratio.  Also,  at  velocity  ratios  close  to  1,  the  increased 
mbiing  is  due  mainly  to  the  increased  contact  area,  whereas  the  streamwise  vorticity  has  the 
larger  role  at  a  velocity  ratio  of  2.  Manning’s  work  and  the  work  of  his  colleagues  are 
summarized  in  Elliott  et  al.^^ 

A  very  detailed  and  systematic  study  by  McCormick^  revealed  several  more  details  of 
the  flow  patterns  downstream  of  a  lobed  mixer.  Extensive  flow  visualizations  for  laminar  and 
turbulent  air  flow  and  three  dimensional  velocity  measurements  taken  with  a  hot-wire,  showed 
that  the  interaction  of  Kelvin-Helmholtz  (normal)  vortices  with  the  streamwise  vortices  produces 
the  high  levels  of  mixing.  The  streamwise  vortices  pinch  off  the  normal  vortices,  thus 
enhancing  the  stirring  effect  in  the  flow.  This  pinching  causes  the  normal  vortices  to  merge 
within  1.5  lobe  heights  downstream,  where  they  were  observed  to  break  down  shortly  thereafter, 
leading  to  intense  turbulent  muting.  Another  interesting  observation  by  McCormick  is  that  the 
scale  of  the  normal  vortices  shed  from  the  lobed  mixer  is  about  1/4  that  shed  from  a  planar 
baseline  case.  From  this  McCormick  and  Bennett^  infer  that  the  lobed  mixer  introduces  smaller 
scales  into  a  flow  sooner,  which  may  enhance  molecular  mixing. 

Presz  et  al.,^*  studied  axisymmetric  lobed  mbcers  used  in  ejector  applications.  They 
found  that  an  aggressively  designed  mixer,  having  ramp  angles  of  45°  inward,  30°  outward  and 
scalloped  lobes,  produced  pumping  performance  approaching  ideal  values.  Scalloping  the  lobes 
has  also  been  used  before  with  success  (Kozlowski  and  Kraft'®).  The  study  of  Presz  et  al.  is 
significant  to  the  present  work  because  it  is  a  return  to  the  original  axisymmetric  designs  of  the 
1970s  and  early  1980s,  but  with  a  significant  difference.  The  difference  is  that  the  earlier  work 
used  a  center  body  to  represent  the  core/shaft  of  the  jet  engine.  The  center  body  created  an 
inner  annular  flow  (hot  core  flow),  surrounded  by  the  lobed  mixer  nozzle  which  separated  it 
from  the  outer  annular  flow  (bypass,  or  fan  flow).  In  effect,  two  annular  flows  were  being 
mixed. 


As  in  the  experiments  of  Presz  et  al.,  the  present  study  uses  the  lobed  mixer  as  a  central 
round  jet,  which  mbces  with  an  outer  (annular)  flow.  By  varying  the  velocity  ratio  of  inner  flow 
to  outer  flow  as  well  as  the  nozzle  geometry,  the  three  primary  elements  which  affect  mixing 
with  lobed  nozzles  were  studied.  The  present  study  parallels  in  many  ways  that  of  Manning.^ 
However,  that  work  was  concerned  exclusively  with  two  dimensional  mbcing  layers  and  low 
Reynolds  number. 
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n.  EXPERIMENTAL  FACILITY  AND  TECHNIQUES 


A.  Facility 

The  experiments  for  this  work  were  conducted  at  the  Aeronautical  and  Astronautical 
Research  Laboratory  at  the  Ohio  State  University.  The  air  supply  for  the  tests  is  provided  by 
two  four-stage  compressors  and  is  stored  in  two  tanks  of  42.5  m^  (1500  tf)  volume  at  pressures 
up  to  16.9  MPa  (2450  psi).  The  air  is  throttled  through  two  valves,  plumbed  through  two  inch 
steel  pipe  and  separated  into  two  branches  through  a  Tee  section.  One  branch  supplies  the 
primary  (central)  flow,  the  other  supplies  the  secondary  (outer)  flow.  Downstream  of  the  Tee 
are  two  ball  valves  used  for  regulating  the  inner  and  outer  flows  to  the  test  sections.  The  flow 
rates  are  metered  using  Dwyer  model  DS-200  flow  sensors  which  are  averaging  pitot  probe 
devices  and  require  the  measurement  of  differential  and  static  pressures.  The  differential 
pressures  are  measured  using  a  Dwyer  model  422-23  incline  manometer  for  the  central  flow  and 
a  Dwyer  model  1230-16  U-tube  manometer  for  the  outer  flow.  At  high  flow  rates,  a  mercury 
manometer  is  used  for  the  outer  flow.  Calibrated  gauges  are  used  for  the  static  pressure 
measurements. 

Figure  1  shows  a  schematic  of  the  settling  chamber  and  the  contraction  section.  Primary 
flow  enters  through  a  single  central  tube,  while  the  secondary  flow  enters  through  two  separate 
bottom  inlets.  The  secondary  air  is  forced  to  exit  radially  into  the  settling  chamber  through  a 
wire  screen  at  each  inlet.  The  flow  then  passes  through  a  25%  open  perforated  plate  and  two 
51  %  open  perforated  plates  to  reduce  the  turbulence  level  and  flatten  the  velocity  profiles.  The 
contraction  section  is  smoothly  contoured  (5th  order  polynomial)  with  a  7.44  to  1  area  ratio  and 
an  exit  diameter  of  63.5  mm  (2.5  in.).  The  end  piece  of  the  outer  nozzle  is  two  inches  long  and 
constructed  out  of  plexiglas.  The  system  was  designed  to  allow  for  a  wide  range  of  primary 
and  secondary  flow  rates  and  velocity  ratios.  Velocities  at  the  exit  up  to  120  m/sec  can  easily 
be  maintained  in  either  the  primary  or  secondary  flows. 

Tobacco  smoke  was  injected  upstream  of  the  stagnation  chamber  into  the  primary  stream. 
The  smoke  patterns  were  illuminated  using  a  Quanta  Ray  GCR-4  frequency  doubled  (X  =  532 
nm)  Nd:YAG  laser.  The  Nd;YAG  laser  is  capable  of  producing  600  mJ  at  532  nm  and  has  a 
pulse  rate  of  10  Hz  with  a  9  nsec  duration,  effectively  freezing  the  flow.  A  Princeton 
Instruments  14-bit  intensified  CCD  camera,  synchronized  with  the  laser,  was  used  to  record  the 
images,  which  were  then  stored  on  a  PC.  The  optical  setup  is  shown  in  Fig.  2.  The  laser  beam 
is  directed  to  the  test  section  using  prisms  and  focused  into  a  laser  sheet  approximately  0.5  mm 
thi^k.  The  orientation  shown  in  the  figure  is  for  cross  sectional  views.  The  optics  were  also 
set  up  so  that  streamwise  images  could  be  recorded. 
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B.  Nozzle  Design 

Six  nozzles  have  been  designed,  in  addition  to  a  circular  baseline  nozzle,  to  explore 
different  parameters  of  lobed  mixers  on  the  mixing  process.  Photogr^hs  of  these  nozzles  are 
shown  in  Fig.  3.  The  baseline  nozzle  was  manufactured  from  thick  wall  stainless  steel  tubing 
with  a  nominal  one  inch  diameter  (OD).  The  inside  surface  was  machined  to  produce  a  wall 
thickness  of  0.75  mm  (ID=23.9  mm),  which  matches  the  thicknesses  of  the  lobed  nozzles.  The 
lobed  nozzles  were  manufactured  from  stainless  steel  bar  stock  by  wire  EDM,  and  0.75  mm  was 
the  smallest  thickness  attainable  (A  thinner  wall  may  be  possible,  but  would  require  annealing 
of  the  bar  stock  prior  to  cutting).  The  exit  area  of  the  baseline  nozzle  and  that  of  the  lobed 
nozzles  are  2q)proximately  450  mm^.  The  nozzle  outlet  geometries  are  constructed  of  circular 
arcs  connected  with  straight  lines  that  are  directed  radially  outward.  They  are  designed  to  have 
the  same  exit  flow  area  as  the  1  inch  (nominal)  tube  diameter  upstream  to  which  they  are 
attached. 

The  overall  lengths  of  all  the  nozzles  are  152.4  mm.  The  nozzles  are  silver  soldered 
onto  the  stainless  steel  tube  section,  and  excess  solder  is  filed  smooth  to  the  touch,  both  inside 
and  out.  Nozzle  1  (Nl)  has  inward  and  outward  ramp  angles  of  10®.  Nozzle  2  has  the  same 
cross  section  as  Nl  but  has  a  ramp  angle  of  0°.  The  straight,  yet  convoluted,  section  is  used  to 
damp  out  the  streamwise  vorticity  (the  circulation  of  the  streamwise  vorticity  scales  with  ramp 
angle,  Eqn.  2).  Comparing  N2  with  the  baseline  nozzle,  the  effect  of  increased  interfacial 
contact  area  can  be  sq)arated,  since  the  exit  perimeter  is  much  greater  for  N2.  Comparing  Nl 
to  N2,  the  effect  of  adding  streamwise  vorticity  to  the  flow  can  be  quantified,  since  the 
interfacial  contact  area  is  the  same  for  both.  Nozzle  3,  with  ramp  angles  of  20°,  is  designed 
to  produce  the  highest  level  of  streamwise  vorticity  for  the  nozzles  tested. 

Figure  4  shows  the  three  four-lobed  nozzles  tested.  All  have  ramp  angles  of  10°.  Nozzle 
4  has  the  same  outlet  cross  sectional  area  as  the  three  previous  nozzles.  The  differences  are  that 
this  nozzle  has  four  lobes,  and  the  perimeter  is  approximately  30%  less.  Nozzle  5  is  also  four 
lobed,  but  the  lobes  have  the  same  geometric  shape  as  the  sbc  lobed  nozzles.  Therefore  the  cross 
sectional  area  is  lower.  The  perimeter  is  only  4%  less  than  the  previous  four  lobed  nozzle.  The 
last  nozzle,  N6,  is  a  four-lobed  mixer  with  square  shaped  lobes.  This  shape  was  tested  to 
determine  whether  the  comers  on  the  lobes  produce  other  secondary  flows  that  may  affect 
mixing.  The  geometric  parameters  of  the  nozzle  are  summarized  in  Table  3.1.  Each  nozzle  was 
tested  under  five  different  flow  conditions,  summarized  in  Table  2.  Only  three  of  these 
conditions  are  reported  here:  the  30:10  m/sec,  30:30  m/sec,  and  30:90  m/sec  (inner:outer)  flow 
conditions.  The  results  of  the  tests  for  the  flow  conditions  of  90:30  and  90:90  m/sec  were 
similar  to  30:10  and  30:30  m/sec,  respectively. 


Flow  visualization  for  a  prototype  test  nozzle  in  the  present  investigation  showed  a  high 
degree  of  flow  separation  for  a  nozzle  with  an  outward  ramp  angle  of  20°  and  an  inward  ramp 
angle  of  10°,  which  produced  a  moderate  15%  area  increase  over  its  1.25  inch  length. 
Therefore,  the  nozzles  used  in  the  present  investigation  (except  Nozzle  5)  were  designed  to 
maintain  constant  cross-sectional  area. 
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ffl.  RESULTS  AND  DISCUSSION 


Figure  5  displays  cross  sectional  averages  of  fifty  instantaneous  images  taken  at  three 
different  downstream  locations  for  the  baseline  and  the  six-lobed  nozzles  at  a  velocity  ratio  of 
3:1  (innerrouter).  In  this  and  the  following  two  figures,  the  nozzles  are  arranged  in  order  of 
increasing  streamwise  vorticity,  from  top  to  bottom.  D  is  the  diameter  of  the  baseline  nozzle 
(j^proximately  1  inch).  The  baseline  nozzle  shows  the  expected  spreading  of  the  jet  downstream. 
The  lobed  nozzles  indicate  similar  behavior,  but  at  a  higher  rate.  Nozzle  2,  at  x/D=l,  shows 
sue  distinct  lobes.  By  x/D=2,  the  individual  lobes  are  still  distinct,  however  they  have  each 
grown  thicker,  in  addition  to  growing  radially  outward.  By  x/D=3,  only  the  tips  of  the  lobes 
are  noticeable,  since  adjacent  lobes  have  merged.  The  spread  of  the  jet  of  nozzle  2  is  greater 
than  the  round  jet. 

Nozzle  1  (10°  ramp  angle),  in  Fig.  5,  exhibits  similar  behavior  to  nozzle  2,  but  the 
spread  of  the  smoke  has  improved  due  to  the  addition  of  streamwise  vorticity.  For  nozzle  3, 
the  changes  are  even  more  dramatic.  Not  only  do  the  individual  lobes  spread  more  rapidly,  but 
the  entire  jet  also  spreads  radially  as  well.  Increasing  the  lobe  angle,  thus  increasing  the 
strength  of  streamwise  vortices,  clearly  increases  the  jet  spread.  At  x/D = 1 ,  even  these  averaged 
images  indicate  the  existence  of  counter-rotating  streamwise  vortices  in  the  form  of  mushroom¬ 
shaped  smoke  concentrations  toward  the  tip  of  each  lobe  for  Nozzle  1  and  especially  Nozzle  3. 
This  shows  that  the  flow  is  fairly  qwtially  stationary. 

Images  taken  at  the  nozzle  exit  fully  mapped  the  exit  cross  sections  of  the  nozzles  and 
thus  showed  no  evidence  of  flow  separation,  so  they  will  not  be  shown  here.  Images  at  x/D 
locations  further  downstream  (e.g.,  x/D =5  and  7)  show  a  more  mixed  cross  section,  so  they  will 
not  be  presented  either. 

Similar  data  are  presented  in  Fig.  6,  except  that  the  velocity  ratio  is  now  1:1,  i.e.,  30 
m/sec  for  both  inner  and  outer  streams.  This  flow  condition  minimizes  the  Kelvin-Helmholtz 
instability  but  cannot  eliminate  it  completely  because  of  the  inner  and  outer  boundary  layers  at 
the  lobe  peaks  and  non-parallelism  of  Ae  flow  due  to  the  ramps.  Nevertheless,  the  figures  show 
that  interface  rollup  is  essentially  eliminated.  In  all  cases,  the  smoke  from  the  individual  lobes 
has  not  yet  merged,  and  thus  the  spread  of  the  jet  has  been  significantly  reduced  .  There  is  still 
growth  of  the  lobes  and  overall  jet  growth  but  no  lobe  interaction.  With  the  Kelvin-Helmholtz 
rollup  minimized,  the  visualizations  of  the  jet  issuing  from  Nozzle  1  and  especially  Nozzle  3 
clearly  indicate  the  existence  of  streamwise  vortices.  At  x/D=l,  the  smoke  begins  to  concentrate 
in  the  outer  tips  of  the  lobes,  and  at  x/D=2,  it  is  turning  radially  inward  towards  the  centerline. 
Tlje  clearly  identifiable,  smoke-filled,  U-shaped  regions  at  each  lobe  tip  are  indicative  of  two 
counter-rotating  streamwise  vortex  pairs.  The  smoke  at  x/D =3  has  diffused  even  more, 
especially  at  the  lobe  tips.  This  could  be  due  to  the  small  Kelvin-Helmholtz  effect  at  the  lobe 
tips  mentioned  earlier  and  also  to  the  pumping  action  of  the  streamwise  vorticity. 
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The  results  for  the  last  velocity  ratio  of  1:3  (30:90  m/sec,  inner:outer)  are  presented  in 
Fig.  7.  Ijooking  at  the  figure  from  left  to  right,  it  spears  that  overall  jet  spread  is  small  for 
a  given  nozzle  at  various  downstream  locations,  and  even  less  than  for  the  1:1  velocity  ratio. 
The  effect  of  adding  streamwise  vorticity  is  more  apparent  in  terms  of  spreading  of  the 
individual  lobes.  However,  this  spreading  does  not  ^pear  to  be  enough  to  increase  the  overall 
jet  spread.  The  instability  characteristics  of  this  case  are  quite  different  from  the  3: 1  case.  In 
Figure  8,  RMS  images  for  the  baseline  nozzle  and  nozzles  2  and  3,  for  all  three  velocity  ratios, 
are  shown  for  one  location  downstream  (x/D=3).  The  root-mean-square  (RMS)  intensity 
fluctuations  is  high  (i.e.,  brighter)  where  the  fluctuation  in  intensity  (or  smoke  concentration) 
is  high.  A  low  RMS  (i.e.  darker  regions)  could  indicate  areas  where  the  smoke  is  well-mixed 
or  areas  where  there  is  no  smoke  at  all.  The  average  images  in  the  previous  figures  should  be 
taken  into  account  when  interpreting  this  data.  In  any  case,  the  regions  of  high  RMS 
fluctuations  can  be  used  to  roughly  define  the  intermittent  mbcing  region.  Using  this  definition, 
for  the  circular  nozzle,  that  the  mixing  region  forms  a  ring  shape,  as  expected.  For  the  velocity 
ratio  of  3:1,  the  ring  structure  is  well  defined,  with  the  inside  of  the  ring  being  relatively  dark. 
At  the  velocity  ratio  of  1:1,  the  mixing  layer  is  also  well  defined  but  occupies  a  much  smaller 
area  and  is  thinner.  The  final  velocity  ratio  of  1:3  is  similar  to  the  others  but  shows  that  there 
is  much  more  intermittency  in  the  center  part  of  the  jet.  The  ’main’  mixing  layer  (i.e.,  ring) 
is  slightly  thicker  than  for  the  1:1  case.  Similar  results  can  be  seen  for  nozzle  2,  i.e.,  the 
mixing  layer  for  the  1:3  case  is  thicker  than  for  the  1:1  case  but  comparable  to  the  3:1  case. 
However,  the  overall  spread  of  the  jet  for  the  3:1  case  is  higher  than  the  two  other  cases. 

For  nozzle  3,  the  mbcing  layer  does  not  form  a  continuous  boundary  around  the  nozzle 
for  a  velocity  ratio  of  1:1.  There  is  a  small  dark  spot  in  the  center  of  the  image  that  indicates 
very  low  intermittency.  This  indicates  a  very  strong  jet  of  smoke  issuing  from  the  centerline 
of  ^e  nozzle.  Surrounding  this  dark  spot  is  a  ring  of  high  intermittency  at  the  location  where 
the  outer,  unseeded  flow  is  brought  radially  inward  along  the  20°  inward  ramp.  Outside  this  ring 
is  a  dark  ring  of  low  mixing  that  matches  the  dark  section  of  the  average  image  (Fig.  6).  In  this 
region,  the  smoke  has  been  forced  radially  outward,  and  the  unseeded  air  is  caught  up  in  the 
counterrotating  vortex  pairs,  which  effectively  dilutes  the  smoke  in  this  region.  The  outer,  lobe¬ 
shaped  mixing  region  encompasses  the  smoke-filled  streamwise  vortices  shown  in  Fig.  6.  The 
image  for  the  1:3  velocity  ratio  once  again  shows  a  continuous  mixing  layer  surrounding  the 
central  flow  and  also  shows  more  activity  in  the  interior.  The  Kelvin-Helmholtz  effect  is  more 
pronounced  and  smooth  over  the  structures  caused  by  the  streamwise  vorticity. 

Figures  9  and  10  present  streamwise  views  of  instantaneous,  average,  and  RMS  images 
for  the  baseline  nozzle  and  nozzle  3,  respectively.  The  average  and  RMS  images  were 
calculated  using  75  instantaneous  images.  The  laser  sheet  was  vertical  and  passed  through  the 
centerline  of  the  nozzle  axis  aligned  with  the  lobe  tips.  The  flow  is  shown  moving  from  left  to 
right  from  approximately  x/D=0  to  8.  The  drop  in  intensity  at  the  far  right  of  the  images  is  due 
to  the  Gaussian  nature  of  the  laser  sheet.  In  Fig.9,  at  a  3: 1  velocity  ratio,  the  jet  spreads 
radially,  and  the  structures  are  angled  upstream.  At  1:1,  the  structures  near  the  nozzle  exit  are 
smaller  with  a  slight  angle  upstream.  There  appears  to  be  a  helical  mode  developing  between 
x/D  of  4  and  6.  For  the  case  where  the  outer  flow  is  faster,  a  definite  downstream  angle  to  the 
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structures  can  be  seen,  as  expected.  The  average  images  show  the  relative  spreading  rates 
between  the  different  velocity  ratios.  The  spreading  of  the  jet  for  the  1:3  velocity  ratio  begins 
similarly  to  the  1:1  case,  but  appears  to  be  slightly  higher  further  downstream.  The  RMS 
images  show  the  same  general  trends.  The  3: 1  velocity  ratio  case  has  an  outwardly  growing 
mixing  layer,  while  the  case  with  negligible  Kelvin-Helmholtz  rollup  has  very  minor  spread. 
On  the  other  hand,  the  last  case  shows  an  inwardly  growing  mixing  layer  that  eventually  merges 
along  the  jet  centerline,  such  that  the  potential  core  of  the  jet  appears  to  end  at  approximately 
x/D=6. 

The  three  RMS  images  display  flow  patterns  similar  to  those  has  been  observed  in 
previous  coaxial  jet  studies  by  Champagne  and  Wygnanski,^  Dahm  et  al.,”  and  Ko  and  Au®‘. 
Champagne  and  WygnanskP  showed  that  the  length  of  the  inner  potential  core  decreased  as  the 
inner  to  outer  velocity  ratio  decreased.  Figure  9  clearly  shows  ^t  the  1:3  velocity  ratio  case 
has  the  shortest  potential  core  length,  as  evidenced  by  the  intermittent  region  filling  the  jet’s 
central  region  by  x/D=6.  This  behavior  was  also  seen  in  flow  visualizations  of  low  speed  water 
jets  by  Dahm  et  al.**  Other  measurements  taken  by  Champagne  and  Wygnanski”  and  by  Ko  and 
Au^‘  show  that  the  outer  potential  core  (annular  region)  is  longer  than  the  inner  core  and  that 
this  length  is  independent  of  velocity  ratio  for  Uj/Uo  <  1.  The  development  of  the  mixing 
layers  in  coaxial  jets  is  a  complex  process.  Dahm  et  al.,^  suggest  that  it  is  an  intricate 
combination  of  shear  layer  and  wake  instabilities  that  are  strongly  coupled  between  inner  and 
outer  layers. 

Figure  10  presents  similar  results  for  nozzle  3  (20°  ramp  angle).  The  3: 1  velocity  ratio 
case  shows  a  significant  spread  relative  to  the  baseline  nozzle.  The  smoke  is  spreading  at 
approximately  the  ramp  angle,  showing  that  the  flow  is  following  the  nozzle  contour.  The 
average  images  for  the  1:1  and  1:3  ratio  cases  show  a  sudden  jump  in  jet  growth  rate  across  this 
plane  at  approximately  x/D=3  which  is  not  noticeable  in  the  instantaneous  images.  This  jump 
could  be  indicative  of  a  different  instability  characteristic.  Another  possible  explanation  is  that, 
because  the  lobed  mixer  acts  as  a  fluid  stirrer  until  the  vortices  break  down  (Eckerle  et  al.,“ 
Werle  et  al.*^)  and  the  smaller  scale,  higher  intensity  mixing  takes  place,  this  break-down  is 
producing  the  jump  in  jet  spread.  The  interaction  of  the  outer  jet  with  the  quiescent  ambient 
air  may  also  be  partially  responsible  for  this  behavior.  This  issue  requires  fiuther  study. 

Figure  11  compares  streamwise  average  images  for  nozzles  1,  2,  and  3  at  the  three 
velocity  ratios.  Again,  the  flow  is  shown  moving  left  to  right  from  approximately  x/D=0  to  8. 
The  3: 1  velocity  ratio  case  shows  a  higher  jet  spread  with  increasing  streamwise  vorticity.  At 
a  1:1  ratio,  there  is  little  interaction  between  the  smoke  from  the  lobes  and  that  exiting  along 
the^centerline  of  the  nozzle,  as  evidenced  by  the  black  streaks  separating  the  smoke  filled 
regions.  This  effect  is  not  as  prominent  for  nozzle  2  because  the  lobes  of  the  straight  section 
fill  completely  with  smoke  and  the  smoke  does  not  get  diluted  by  inwardly-rushing,  unseeded 
air,  thus  creating  the  dark  streaks  for  the  other  nozzles.  When  the  velocity  ratio  is  other  than 
1:1,  the  unmixed  (black)  streaks  are  thoroughly  mixed  by  x/D=4.  These  images  also  show  a 
sudden  jump  in  jet  spread  for  nozzle  1  that  is  similar  to  the  spread  for  nozzle  3. 
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To  quantify  the  gross  mixing  of  the  inner  jet  with  the  outer  jet,  an  estimate  of  the 
spread  of  the  inner  jet  (smoke-marked  area)  was  made.  Every  pixel  intensity  above  a  certain 
tfeeshold  was  counted  as  part  of  the  spreaded  center  jet,  and  those  below  the  threshold  were 
considered  background.  Plotting  a  histogram  of  the  number  of  pixels  vs  pbtel  intensity  for  the 
average  images  was  found  to  provide  an  adequate  method  for  separating  pixels  representing 
smoke  from  pixels  representing  background  intensity.  For  the  majority  of  the  images,  the 
’signal’  was  readily  £q>parent,  forming  a  ’hump’  in  Ae  data  at  the  higher  end  of  the  intensity 
scale.  The  other  images  (usually  at  the  higher  x/D  values)  did  not  have  a  readily  discernible 
hump  in  the  histogram.  These  images  exhibited  a  relatively  flat  portion  followed  by  a  dropoff 
at  the  higher  intensities.  Results  are  shown  in  Fig.  12.  In  this  figure,  the  calculated  area  of  the 
spreaded  inner  jet  normalized  by  the  exit  area  of  the  baseline  jet  is  plotted  versus  x/D  location 
for  four  different  nozzles.  The  total  image  size  is  288x192  (=55296)  pbcels,  while  the  nozzle 
exit  area  is  approximately  IKX)  pixels.  The  graphs  show  a  general  trend  of  increasing  spreaded 
inner  jet  area  with  increasing  distance  downstream  and  also  with  increasing  streamwise  vorticity. 
Figure  12a  shows  that  the  inner  jet  from  nozzle  3  grows  to  approximately  thirty  times  its  original 
size.  While  these  graphs  corroWate  the  trends  in  the  images  previously  shown,  these  inner  jet 
spread  region  estimates  should  be  considered  nominal  estimates,  particularly  at  the  furthest 
downstream  locations. 

One  of  the  objectives  of  the  present  study  is  to  separate  the  contributions  to  overall 
mixing  due  to  the  increase  in  interfacial  area  and  the  streamwise  vorticity  generated  by  the  lobed 
nozzles.  The  difference  in  the  spreaded  inner  jet  area  between  nozzle  2  (0"  ramp)  and  the 
baseline  nozzle  provides  the  contribution  to  total  mixing  due  to  the  increase  in  interfacial  area. 
The  difference  in  the  spreaded  inner  jet  area  between  nozzle  1  (10°  ramp)  and  the  baseline 
nozzle  provides  the  contribution  to  mixing  due  to  both  interfacial  area  and  streamwise  vorticity. 
The  contribution  due  to  streamwise  vorticity  alone  is  found  by  subtracting  the  two.  Using  the 
data  of  Fig.  12,  these  separate  effects  on  mixing  enhancement  can  be  found  and  their  relative 
contributions  calculated.  Table  3  shows  the  results  for  several  x/D  locations  for  nozzle  1.  The 
x/D  locations  of  5  and  7  are  not  shown  because  the  spreaded  inner  jet  area  calculations  for  these 
locations  have  the  most  uncertainty  due  to  some  clipping  of  the  images  by  the  laser  sheet.  At 
x/D= 1  and  a  velocity  ratio  of  3: 1 ,  the  contribution  to  overall  mixing  due  to  streamwise  vorticity 
is  greater  than  the  contribution  of  the  interfacial  area.  Moving  downstream,  the  contribution 
from  the  interfacial  area  decreases  slightly,  while  the  streamwise  vorticity  enhancement 
increases.  This  is  consistent  with  previous  work  (Werle  et  al.,‘*  Eckerle  et  al.“)  showing  that 
the  streamwise  vortices  grow  first,  then  break  down  downstream,  thereby  increasing  turbulence 
levels  and  mbcing.  As  the  vortices  go  through  the  processes  of  stretching,  pairing,  and  tearing, 
mking  increases.  For  the  velocity  ratio  of  1:1,  the  interfacial  area  provides  a  much  larger 
fraction  of  the  mixing  than  the  streamwise  vorticity  at  x/D=l.  The  same  trends  as  for  the  3:1 
velocity  ratio  are  evident  moving  downstream.  However,  the  fractional  contribution  due  to 
interfacial  area  decreases-hence,  that  due  to  streamwise  vorticity  increases—at  a  much  faster 
rate.  Since  the  Kelvin-Helmholtz  effect  is  minimized  for  this  case,  the  streamwise  vortices  are 
the  dominant  structures  in  the  flow.  As  they  interact  downstream,  their  mixing  effects  are  more 
prevalent.  The  results  for  the  1:3  velocity  ratio  are  similar  to  the  previous  two  cases.  The 
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relative  contributions  to  mbcing  at  x/D=l  are  in  approximately  the  same  proportions  as  for  the 
1:1  case,  but  the  change  in  proportions  moving  downstream  is  about  the  same  as  the  3:1  case. 

Figure  13  shows  the  data  of  Fig.  12  and  Table  3,  for  the  different  velocity  ratios.  The 
bar  gn^hs  show  the  total  mixing  for  nozzle  1  at  three  different  locations  downstream,  but  with 
the  interfacial  area  and  streamwise  vorticity  contributions  shaded  differently.  Even  though  the 
fraction  of  mixing  due  to  the  interfacial  area  decreases  as  velocity  ratio  increases,  the  total 
amount  of  mbcing  due  to  interfacial  area  is  still  significant,  contributing  at  least  30%  to  the  total 
mixing  in  all  cases.  Comparing  different  velocity  ratios  for  each  x/D  location,  there  is  a  distinct 
increase  in  total  mixing  as  velocity  ratio  increases  and  the  percentage  of  enhancement  due  to 
streamwise  vorticity  increases.  This  is  in  agreement  with  Manning’s  results,  except  Manning 
did  not  discuss  any  effect  due  to  downstream  distance. 

Selected  results  for  the  three  four-lobed  nozzles  are  shown  in  Fig.  14.  The  1:1  velocity 
ratio  case  was  chosen  because  the  evolution  of  the  streamwise  vorticity  is  more  easily  seen.  In 
general,  the  same  trends  were  observed  in  the  four-lobed  nozzles  as  for  the  sbc-lobed  ones. 
Figure  14  shows  the  differing  levels  of  streamwise  vorticity  developed  at  all  three  velocity  ratios 
and  several  distances  downstream.  The  larger  lobes  of  nozzle  4  produce  slightly  larger  counter¬ 
rotating  vortex  pairs  than  the  smaller  lobes  of  nozzle  5.  The  counter-rotating  vortex  pairs 
generated  in  nozzle  6  are,  to  some  degree,  masked  by  small  scale  structures  generated  at  the 
corners. 
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IV.  SUMMARY 


Flow  visualizations  using  a  passive  scalar  have  been  performed  to  explore  mixing 
enhancement  in  an  axisymmetric  coaxial  jet  with  an  inner  lobed  mixer.  Seven  different  central 
jet  geometries,  sbc  lobed-mbeer  nozzles  and  a  circular  nozzle,  were  used  to  investigate  three 
different  mixing  mechanisms  involved,  namely  the  increased  interfacial  contact  area,  the 
streamwise  vorticity,  and  the  inner/outer  velocity  ratio.  Instantaneous  and  average  images 
showed  the  pronounced  effect  of  the  Kelvin-Helmholtz  rollup  on  mixing  even  with  the  presence 
of  very  strong  streamwise  vortices.  The  fraction  of  muting  enhancement  due  to  streamwise 
vorticity  (relative  to  mixing  enhancement  due  to  increased  interfacial  contact  area)  was  found 
to  increase  as  velocity  ratio  increased.  In  addition,  this  fraction  increased  with  downstream 
distance.  Overall,  the  lobed  muter  nozzle  with  the  largest  ramp  angle  of  20°  (strongest 
streamwise  vortices)  ,  produced  the  highest  mixing  at  all  velocity  ratios. 
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Table  1  Nozzle  Geometries 


Nozzle 

Description 

Length 
of  nozzle 

Ramp 

Angles 

Exit  Area 

Exit 

Perimeter 

Baseline 

circular 

NA 

NA 

448  mm^ 

75  mm 

1 

6  lobes,  long 

50.8  mm 

9.6710° 

453  mm^ 

246  mm 

2 

6  lobes, 
straight 

76.2  mm 

0°/0° 

453  mm^ 

246  mm 

3 

6  lobes,  short 

25.4  mm 

19°/20° 

453  mm" 

245  mm 

4 

4  lobes,  large 

50.8  mm 

9.6710° 

453  mm" 

176  mm 

5 

4  lobes, 
small 

50.8  mm 

9.6710° 

322  mm" 

169  mm 

6 

4  lobes, 
square 

50.8  mm 

10°/10° 

453  mm" 

170  mm 

Table  2  Operating  Conditions 


Table  3  Contributions  to  Mixing  by  Interfacial  Area  and  Streamwise  Vorticity  for  Nozzle  1 


Velocity 

Ratio 

Contribution  of: 

x/D  = 

1 

x/D  = 

2 

x/D  = 

3 

3:1 

Interfacial  Area 

40% 

39% 

32% 

Streamwise 

Vorticity 

60% 

61% 

68% 

1:1 

Interfacial  Area 

73% 

58% 

37% 

Streamwise 

Vorticity 

27% 

42% 

63% 

1:3 

Interfacial  Area 

72% 

63% 

52% 

Streamwise 

Vorticity 

28% 

37% 

48% 
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Figure  1.  Schematic  of  settling  chamber  and  contraction  section. 


Figure  2.  Optical  setup  for  flow  visualizations. 


x/D=l 


x/D=2 


x/D=3 


Baseline  Nozzle  (circular) 


Nozzle  2  (straight) 


Nozzle  3  (20  degree  ramp) 


Figure  5.  Effect  of  adding  streamwise  vorticity  for  a  velocity  ratio  of  30:10m/sec  (innerrouter). 
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x/D=l 


x/D=2 


Baseline  Nozzle  (circular) 


Nozzle  2  (straight) 


Nozzle  1(10  degree  ramp) 


Nozzle  3  (20  degree  ramp) 


x/D=3 


Figure  6.  Effect  of  streamwise  vorticity  at  a  velocity  ratio  of  30:30m/sec  (inner:outer). 
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x/D=l 


x/D=2 


x/D=3 


Nozzle  2  (straight) 


Nozzle  1  (10  degree  ramp) 


Nozzle  3  (20  degree  ramp) 


Figure  7.  Effect  of  streamwise  vorticity  for  a  velocity  ratio  of  30:90iii/sec  (inneriouter). 
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Baseline  Nozzle  Nozzle  ^ 

(circular)  (straight 


Figure  8.  Comparison  of  RMS  images  at  x/D-3, 


Nozzle  3 

(20  degree  ramp) 


effect  of  Kelvin-Helmholtz  and  streamwise  vorticity 


Image 


Average  Image 


RMS  Image 


Figure  9.  Baseline  nozzle  comparison  of  instantaneous,  average,  and  RMS  images. 
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Instantaneous  x/D-0  2  4  6  8 

Image 


RMS  Image 


Figure  10.  Comparison  between  instantaneous,  average  and  RMS  images  for  nozzle  3. 
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Nozzle  2  x/D=0  2  4  6  8 


Nozzle  1  (10  degree  ramp) 


Nozzle  3  (20  degree  ramp) 


Figure  1 1 .  Streamwise  views  of  the  three  six-lobed  nozzles  for  the  three  velocity  ratios. 
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Area  Growth  (A/A-nozzle)  Area  Growth  (A/A-nozzle)  Area  Growth  (A/A-nozzle) 


Figure  12.  Comparison  of  jet  spread  for  the  six-lobed  nozzles. 
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Figure  1 3 .  Comparison  of  absolute  contributions  of  interfacial  contact  area 
and  streamwise  vorticity  to  total  mixing  for  the  10  degree  ramp  angle  nozzle. 


x/D=l 


x/D=2 


x/D=3 


I  I 

■  §n§ 


Nozzle  4  (large  lobes) 


X  I  X  \  K 


Nozzle  5  (small  lobes) 


X  I  X  I  X 


Nozzle  6  (square  lobes) 

Figure  14.  Streamwise  vorticity  generation  in  the  four-lobed  nozzles  at  a  1:1  velocity  ratio  (average  images). 
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